The flavivirus RNA genome contains a conserved cap-1 structure, 7Me GpppA 29OMe G, at the 59 end. Two mRNA cap methyltransferase (MTase) activities involved in the formation of the cap, the (guanine-N7)-and the (nucleoside-29O)-MTases (29O-MTase), reside in a single domain of nonstructural protein NS5 (NS5MTase). This study reports on the biochemical characterization of the 29O-MTase activity of NS5MTase of dengue virus (NS5MTase DV ) using purified, short, capped RNA substrates ( 7Me GpppAC n or GpppAC n ). NS5MTase DV methylated both types of substrate exclusively at the 29O position. The efficiency of 29O-methylation did not depend on the methylation of the N7 position. Using 7Me GpppAC n and GpppAC n substrates of increasing chain lengths, it was found that both NS5MTase DV 29O activity and substrate binding increased before reaching a plateau at n55. Thus, the cap and 6 nt might define the interface providing efficient binding of enzyme and substrate. K m values for 7Me GpppAC 5 and the co-substrate S-adenosyl-Lmethionine (AdoMet) were determined (0.39 and 3.26 mM, respectively). As reported for other AdoMet-dependent RNA and DNA MTases, the 29O-MTase activity of NS5MTase DV showed a low turnover of 3.25¾10 "4 s "1
INTRODUCTION
Most eukaryotic and viral mRNAs are modified by the addition of a cap structure at the 59 end. The mRNA cap consists of an N7-methylguanosine linked to the first transcribed nucleotide by a 59-59 triphosphate bridge (cap-0 structure, 7Me GpppN) (Shuman, 2001) . Methylation of the 29O positions of the ribose of the first or the second transcribed nucleotide leads to a cap-1 ( 7Me GpppN 29OMe ) or cap-2 ( 7Me GpppN 29OMe N 29OMe ) structure, respectively. The cap structure stabilizes mRNA and plays a vital role in its translation by controlling mRNA splicing, its transport across the nuclear membrane and its recognition by the eIF4E translation factor (Furuichi & Shatkin, 2000) . In eukaryotic cells, the acquisition of the cap-0 structure is a co-transcriptional event. RNA capping implies three steps in which the 59 triphosphate end of RNA is hydrolysed to a 59 diphosphate by an RNA triphosphatase (RTPase), then capped with GMP by a guanylyltransferase (GTase) and of around 11 kb with a cap-1 structure at the 59 end. They seem to follow the 'classic' path of cap formation described above. Their RTPase function is provided by nonstructural protein NS3 (Bartelma & Padmanabhan, 2002; Benarroch et al., 2004b) , and a viral GTase has not yet been identified. Interestingly, both N7-MTase and 29O-MTase activities are located in the same protein, the N-terminal domain of protein NS5 (Egloff et al., 2002; Ray et al., 2006; Zhou et al., 2007) , which also bears the RNA-dependent RNA polymerase function in the C-terminal domain (Selisko et al., 2006; Yap et al., 2007) . Many flavivirus MTase domains have been characterized structurally (Assenberg et al., 2007; Bollati et al., 2009; Egloff et al., 2002; Geiss et al., 2009; Mastrangelo et al., 2007; Zhou et al., 2007) . They adopt the common fold of AdoMet-dependent class 1 MTases (Schubert et al., 2003) . In all crystal structures, either the co-product S-adenosyl-homocysteine (AdoHcy) or the co-substrate AdoMet was bound to the co-factor site near the catalytic centre. The latter consists of a conserved catalytic tetrad [for the MTase domain of DENV NS5 (NS5MTase DV ), this is K61-D146-K181-E217], which was shown to be essential for 29O-MTase activity, whereas only one of the residues (D146 for NS5MTase DV ) was essential for N7-MTase activity (Zhou et al., 2007) . The structure of NS5MTase DV was also determined in ternary complexes with AdoHcy in the cofactor site and GTP or cap analogues (Egloff et al., 2007) or the inhibitor ribavirin triphosphate (a GTP analogue) in a site (Benarroch et al., 2004a) that is expected to serve as the cap-binding site during 29O-methylation.
Enzymes involved in the viral capping pathway are increasingly considered as promising targets for potential anti-DENV drugs (Dong et al., 2008b; Lescar et al., 2008) . With respect to the flavivirus MTase as a potential target of antivirals, reverse genetic experiments using replicon and genome-length RNA have shown that mutations of N7-and/or 29O-MTase catalytic residues block or attenuate replication (Ray et al., 2006; Zhou et al., 2007) . Accordingly, the AdoMet analogue sinefungin has been shown to inhibit both methylations and to suppress WNV replication in cell culture (Dong et al., 2008a) . The crucial role of methylation of the cap structure for virus replication has also been targeted in other viral systems testing analogues of GTP or AdoMet as competitive inhibitors against MTases of viruses from the genera Alphavirus, Orthopoxvirus, Avulavirus (Paramyxoviridae) and Vesiculovirus (Rhabdoviridae) (Lampio et al., 1999; Li et al., 2007; Pugh et al., 1978) . Some of these molecules showed inhibition of virus replication Pugh et al., 1978) .
In order to test candidates for a flavivirus MTase inhibitor, robust enzymic assays are needed allowing the characterization of both N7-and 29O-MTase activity. In this paper, we focused on the 29O-MTase activity of NS5MTase DV . We have found previously that short RNAs, 7Me GpppAC n and GpppAC n , which can be produced in large amounts by bacteriophage T7 DNA primase, are specifically methylated at the 29O position by NS5MTase DV (Egloff et al., 2002; Peyrane et al., 2007) . The 7Me GpppAC n and GpppAC n substrates have been used to demonstrate 29O-MTase activity and to study inhibition of several flavivirus and coronavirus MTases Decroly et al., 2008; Luzhkov et al., 2007; Mastrangelo et al., 2007) . In the present study, we further characterized the 29O-MTase activity of NS5MTase DV on these substrates using a nonradioactive high-performance liquid chromatography (HPLC) assay and the 'classic' radioactive filter-binding activity test. This allowed us subsequently to set up a sensitive inhibition test, which was validated by the low IC 50 (inhibitor concentration at 50 % activity) values of the known AdoMet-dependent MTase inhibitors AdoHcy and sinefungin.
RESULTS AND DISCUSSION
GpppAC n and 7Me GpppAC n as specific substrates of the 2 §O-MTase function of NS5MTase DV We have demonstrated previously that the recombinant MTase domain of NS5MTase DV transfers a methyl group from co-factor AdoMet to the 29O position of the first nucleotide of purified capped oligonucleotides 7Me GpppAC n and GpppAC n (Egloff et al., 2002; Peyrane et al., 2007) . In a non-radioactive test, reverse-phase HPLC was used to analyse reaction mixtures (Fig. 1a, b) . Substrate and product peaks were detected and quantified by measuring A 260 . As described previously , product peaks (retention times of 33.4 and 31.9 min) were purified and characterized by mass spectroscopy and enzymic digestion and identified as GpppA 29OMe C 3 (Fig. 1a) and 7Me GpppA 29OMe C 3 (Fig. 1b) . Using GpppAC 3 , we did not detect any additional peak, even after 10 h of reaction, indicating that no methylation occurs at the N7 position of this substrate. Fig. 1(c) shows time courses of the 29O-methyl transfer onto GpppAC 3 and 7Me GpppAC 3 , which followed standard exponential reaction kinetics. HPLC allowed straightforward quantification of the generated products by calculating substrate conversion based on the peak areas. Under the applied conditions, the 7Me GpppAC 3 and GpppAC 3 methylation reactions converted around 70 % of total substrate after 10 h of reaction. No sign of protein inactivation was found up to the apparent end of the linear phase after 2 h. Initial velocities in pmol product min 21 were determined to get the Michaelis-Menten parameters of NS5MTase DV . The apparent initial velocity (v i ) values were determined to be 2.85 pmol min 21 and 2.73 pmol min 21 for GpppAC 3 and 7Me GpppAC 3 , respectively.
In conclusion, initial velocity values measured on 7Me GpppAC n and GpppAC n indicated that the presence of the methyl group at the N7 position did not significantly influence 29O-methylation of these capped substrates. This is in agreement with a radioactive assay (Egloff et al., 2002) , in which no difference was observed between [ incorporation into GpppAC 5 or 7Me GpppAC 5 . Thus, 7Me GpppAC n or GpppAC n substrate can be used equally to specifically characterize the 29O-MTase activity of NS5MTase DV . This is in contrast to other reports where the 29O-MTase activity of NS5MTase WNV preferred cognate RNA substrates (corresponding to the authentic 59 end of the genome of WNV) methylated at the N7 position over non-methylated cognate substrates (Zhang et al., 2008) . Furthermore, we showed that, with our system, 29O-MTase activity of NS5MTase DV can be characterized without interference with its N7-MTase activity.
Optimization of reaction conditions
Conditions allowing maximum NS5MTase DV 29O-MTase activity were determined in more detail by measuring the incorporation of [ 3 H]CH 3 into the short, capped RNA substrates. First, the pH optimum of the methyl transfer reaction was determined. Fig. 2(a) shows that the NS5MTase DV adopted a bell-shaped pH profile with an optimal activity between pH 7.5 and 8.0. We next tested the influence of Mg 2+ ions on NS5MTase DV at pH 7.5, as divalent ions have previously been shown to stimulate the activity of some O-MTases (Decroly et al., 2008; Jeffery & Roth, 1987) . Using our experimental system, NS5MTase DV 29O-MTase activity was not significantly influenced by Mg 2+ ions. We also determined that it did not tolerate even low NaCl concentrations. The presence of the reducing agent dithiothreitol (DTT; 5 mM) stabilized NS5MTase DV during long time-course experiments (data not shown). In all subsequent tests of NS5MTase DV on 7Me GpppAC n and GpppAC n , we used 40 mM Tris/HCl (pH 7.5) and 5 mM DTT in the absence of MgCl 2 .
Interestingly, a similar bell-shaped pH curve with an optimum at 7.5 and independence from divalent cations was found for vaccinia virus mRNA cap 29O-MTase VP39 (Barbosa & Moss, 1978) containing the same catalytic tetrad, K-D-K-E (Hodel et al., 1996 (Hodel et al., , 1998 . Nevertheless, the optimum conditions for NS5MTase DV described here are in contrast to a reported pH optimum of 29O-MTase activity of NS5MTase DV on another type of short RNA substrate, GpppAGAACCUG, reported recently (Kroschewski et al., 2008; Lim et al., 2008) . Activity was found to be optimal at pH 10 under low-salt conditions and in the absence of divalent ions. Interestingly, Mg 2+ and Mn 2+ ions stimulated the activity and shifted the optimum pH to 9.0 and 7.5, respectively (Kroschewski et al., 2008; Lim et al., 2008) . The authors retained the physiological pH and worked in the presence of Mg 2+ and Mn
2+ . An optimum of pH 10 was also found for NS5MTase WNV on a longer cognate substrate of 190 nt starting with GpppAGUAAGU (Zhou et al., 2007) . The authors reported activation by Mg 2+ ions at pH 10, but did not study a possible shift of the optimum. We applied the reported conditions (pH 10 with and without Mg 2+ and/or Mn 2+ , 10 mM KCl) to our test system ( Fig. 2b ) and verified that we were working at optimum conditions in our system. At basic pH, 29O-MTase activity on 7Me GpppAC 5 was practically non-existent and neither Mg 2+ (and/or Mn 2+ ) nor KCl was able to activate the methyl transfer at pH 10. These contradictory optimum conditions found by different groups could be due to differences in the protein sequences, the position of the His tag, the purification procedures influencing the folding of the protein or different substrates. Note that the NS5MTase DV used here was purified in the same way as the protein used for structure determination (Egloff et al., 2002 (Egloff et al., , 2007 . However, even for the same protein/substrate combination, different catalytic mechanisms in the presence or absence of divalent ions and at different pH values seem to be possible (Kroschewski et al., 2008; Lim et al., 2008) . Detailed activity and mutant studies and ternary complex structures obtained at different pH values are needed to understand further the mechanism of 29O-methyl transfer by flavivirus MTases.
Dependence of 2 §O-methylation and binding on substrate length
In order to study the influence of the capped RNA substrate length on the 29O-MTase activity of NS5MTase DV , we tested 7Me GpppAC n and GpppAC n for values of n from 0 to 7. The capped RNAs were incubated with NS5MTase DV for 5 min to 10 h and the reaction products were analysed by reverse-phase HPLC. Fig. 3(a) shows the v i values for capped RNA of various lengths. NS5MTase DV seemed to be inactive on the cap analogues 7Me GpppA and GpppA (n50) or very short capped RNA (n51). The 29O-MTase activity increased with RNA substrate length and reached a plateau for RNAs containing 6 or 7 nt (n55 or 6). To investigate further whether 29O-MTase activity dependence on substrate length is based mainly on substrate-enzyme affinity, we conducted in vitro binding studies with capped and uncapped RNAs of increasing lengths labelled with [a-32 P]CTP. After incubation with NS5MTase DV immobilized on nickel-agarose beads, bound 32 P-labelled RNAs were separated by PAGE and detected by autoradiography. Fig. 3(b) shows that the NS5MTase DV did not bind significantly to the uncapped pppAC [1] [2] [3] [4] [5] [6] [7] . Similar to the activity profile we observed above, the shorter capped RNA did not bind to NS5MTase DV . However, starting with n52, binding increased with RNA substrate length, reaching a plateau at n55.
In conclusion, we observed that NS5MTase DV 29O activity and binding increased with the chain length of the substrates 7Me GpppAC n and GpppAC n , reaching a plateau at n55.
7Me GpppAC 5 and GpppAC 5 seemed to define the maximum length of a substrate being able to engage in direct interaction with NS5MTase DV and allowing efficient activity. This corresponds roughly to the 5 nt that are anticipated to fit in the positively charged RNA-binding groove of NS5MTase DV in a model of the enzyme in 29O-methylation mode (Egloff et al., 2007) . In Fig. 3(c) , we extended this model by combining the modelled GpppA cap with the RNA oligonucleotide AGACUA, whose structure was determined in a complex with the helicase domain of NS3 of DV serotype 4 (Luo et al., 2008) . It shows that five stacked nucleotides can be placed into the large positively charged binding groove extending from the active site. The proposed maximum length of bound substrate during 29O-methylation also corresponds to an GpppAC 5 as a substrate using the radioactive assay (reaction conditions: Tris/ HCl at pH 7.5 or 10 or glycine buffer at pH 10 as shown in the figure, 5 mM DTT, 0.5 mM NS5MTase DV , 2 mM 7Me GpppAC 5 , 10 mM AdoMet and 0.03 mCi [ 3 H]AdoMet ml "1 ). Activity values were measured in triplicate and relative activity values ±SD were calculated, setting the optimum condition (Tris/HCl at pH 7.5) at 100 %. Addition of 10 mM KCl, 2 mM MgCl 2 , 2 mM MnCl 2 and 0.05 % CHAPS was tested in parallel in Tris/HCl at pH 7.5 and pH 10 as described by Lim et al. (2008) and in glycine buffer at pH 10 as described by Zhou et al. (2007) .
29O-methyltransferase activity of dengue virus NS5
RNA footprinting experiment in which bound NS5MTase WNV protected the cap and two additional nucleotides ( 7Me GpppAGU) of a cognate WNV substrate, as well as a four-nucleotide stretch (AGCU) 14 nt downstream of the cap (Dong et al., 2007) .
Michaelis-Menten parameters
Michaelis-Menten parameters were determined using 7Me GpppAC 5 as the substrate under optimum conditions [40 mM Tris/HCl (pH 7.5), 5 mM DTT]. Reaction mixtures were analysed by HPLC. We verified previously that the initial velocity of methyl transfer increased proportionally to the enzyme concentration in the range of 125 nM to 1 mM NS5MTase DV (data not shown). Fig. 4(a) shows the Michaelis-Menten plot of v i versus AdoMet concentration. Reactions were performed at a saturating concentration of 7Me GpppAC 5 (2 mM). We observed standard kinetics, and kinetic parameters were calculated using the classic Michaelis-Menten equation
, where V max is the maximum velocity in pmol min 21 and K m is the substrate concentration at V max /2. We determined the K m value of AdoMet to be 3.26 mM and the V max as 0.57 pmol min 21 (Fig. 4a ). This K m value is consistent with the reported K m value for AdoMet of 1.2 mM for NS5MTase DV using substrate GpppAGAACCUG . Fig. 4(b) shows the Michaelis-Menten plot of v i versus 7Me GpppAC 5 concentration, which was in turn measured at a saturating AdoMet concentration (20 mM). We determined a K m value of 0.394 mM and a V max value of 0.891 pmol min
21
. In this case, the K m value was ten times higher than the K m value of GpppAGAACCUG . This difference may be due to the different experimental setups: both K m values are close to the enzyme concentrations used in the tests, which were 0.25 mM (this study: K m 0.394 mM) and 0.025 mM : K m 0.032 mM). Thus, we surmise that the K m of 7Me GpppAC 5 is equal to or lower than the measured value of 0.394 mM. From the measured V max values, the turnover number k cat (V max /E t ) of NS5MTase DV on 7Me GpppAC 5 was calculated to be Egloff et al., 2007) . The remaining AGACUA was taken from a complex structure of DV helicase (Luo et al., 2008) and placed using the capped RNA in the complex of mRNA cap 29O-MTase VP39 (Hodel et al., 1998) as an orientation. The co-factor AdoMet (from the model in Egloff et al., 2007) is bound to its binding site on the right site of the active site and is partly hidden by a protruding loop. Macromolecular electrostatics were calculated by the APBS plug-in within PyMol. The image of the colour-coded electrostatic surface (blue, positively charged surface; red, negatively charged surface) was generated by PyMol. ). Turnover numbers reported for NS5MTase DV on GpppAGAACCUG and vaccinia virus 29O-MTase VP39 (Hu et al., 2002) are in a similar range. Low turnover numbers have also been reported for AdoMet-dependent DNA MTases (Bheemanaik et al., 2006) . Thus, this might be an intrinsic characteristic of AdoMet-dependent RNA or DNA MTases.
In conclusion, we determined the optimum conditions and kinetic parameters of the 29O-MTase activity of NS5MTase DV on 7Me GpppAC 5 . Thus, the enzyme activity was well characterized and allowed the set-up of a meaningful and sensitive inhibition assay.
Inhibition of NS5MTase DV 2 §O-MTase activity
An inhibition test was set up using 1 mM NS5MTase DV , 5 mM AdoMet and 2 mM GpppAC 5 . We tested various AdoMet analogues (see Methods), among them molecules with proven viral mRNA cap MTase inhibition capacity, such as the reaction product AdoHcy (Pugh & Borchardt, 1982) and sinefungin (Dong et al., 2008a; Li et al., 2007; Pugh et al., 1978) , but also molecules inhibiting other AdoMet-dependent MTases, such as 59-S-isobutylthio-59-deoxyadenosine (SIBA), 3-deaza-adenosine (Kloor et al., 2004) and 59-deoxy-59-methylthio-adenosine (MTA) (Woodcock et al., 1983) , or simply analogues of adenosine (29,39,59-tri-O-acetyl-adenosine) and AdoMet. We also used three GTP analogues: broad-spectrum antiviral ribavirin and its triphosphate, as well as 5-ethynyl-1-b-Dribofuranosylimidazole-4-carboxamide) (EICAR) triphosphate. NS5MTase DV was incubated with 100 mM of each inhibitor candidate in the presence of [ 3 H]AdoMet, and 29O-MTase activity was determined by a filter binding assay (Fig. 5a ). Among the tested compounds, only sinefungin and the reaction co-product AdoHcy showed efficient inhibition, and their IC 50 values were determined (see below). Ribavirin triphosphate inhibition resulted in 44 % remaining activity at the tested concentration, which is consistent with its IC 50 value of 101 mM reported previously (Benarroch et al., 2004a) . The comparison with ribavirin (90 % activity remaining) indicated that the triphosphate moiety is important for inhibition. EICAR triphosphate showed weak inhibition (60 % activity remaining), corresponding to its reported apparent K D value of 165 mM (Benarroch et al., 2004a) . The IC 50 value of the AdoMet analogues AdoHcy and sinefungin was determined (Fig. 5b, c) as 0.34 and 0.63 mM, respectively. Both values are similar to those reported for the inhibition of the 29O-MTase activity of NS5MTase DV on GpppAGAACCUG of 0.62 and 0.42 mM, respectively.
In conclusion, we set up a sensitive test for the identification and characterization of inhibitors of the 29O-MTase activity of NS5MTase DV . The test was validated by the low IC 50 values measured for the known AdoMetdependent MTase inhibitor sinefungin, as well as the reaction co-product AdoHcy. Currently, the test is being further optimized to use lower enzyme and substrate concentrations. Interestingly, it was shown that sinefungin inhibits WNV replication with an EC 50 of 23 mM and a therapeutic index of 167 (Dong et al., 2008a) . Thus, although it has also been reported to inhibit mammalian MTases (Chrebet et al., 2005; Osborne et al., 2007) , sinefungin or its analogues might show specificity towards selected viral AdoMet-dependent MTases depending on and V max ) were determined using a non-radioactive HPLC assay. Standard reaction conditions were used with NS5MTase DV at 0.25 mM and varying 7Me GpppAC 5 concentrations, and v i values were determined for the linear reaction phase corresponding to a time range of 5 min to 3 h depending on the 7Me GpppAC 5 concentration. Error bars represent the SD values of three independent experiments. 29O-methyltransferase activity of dengue virus NS5 subtle differences in their AdoMet-binding sites. As an example, it has been shown that sinefungin inhibits fungal mRNA cap N7-MTases with five to ten times more potency than the human isoform (Chrebet et al., 2005) .
Conclusion
We developed an assay that exclusively measures the 29O-MTase activity of the mRNA cap MTase domain of protein NS5 of DENV (NS5MTase DV ) using the short, purified, capped substrates 7Me GpppAC n and GpppAC n , which are converted to 7Me GpppA 29OMe C n and GpppA 29OMe C n , respectively. NS5MTase DV did not show any N7-MTase activity on the substrate GpppAC n . The N7-MTase activity of NS5MTase DV has been demonstrated on long (190 nt) specific RNA substrates corresponding to the 59 end of flavivirus genomes (Dong et al., 2007; Milani et al., 2009) . Using 39 end deletions of a WNV substrate, it was shown that the N7-MTase activity of NS5MTase WNV required a 74 nt substrate including the 59 stem-loop A present in all flavivirus genomes (Dong et al., 2007) . Moreover, the N7-MTase activity of NS5MTase DV seemed to be less tolerant regarding sequence variations at the very 59 end of two different flavivirus RNA substrates than its 29O-MTase activity (Dong et al., 2007) . These observations might explain the absence of N7-MTase activity of NS5MTase DV on our substrates.
On testing the length of the 7Me GpppAC n and GpppAC n substrates, we found that maximum 29O-MTase activity required the cap and at least 6 nt ( 7Me GpppAC 5 and GpppAC 5 ), which seems to define the maximum length of effectively bound substrate during 29O-methylation. The methyl group at the N7 position does not influence the 29O-MTase activity of NS5MTase DV , indicating that the enzyme does not discriminate methylated from nonmethylated RNA cap structures in the 29O-methylation step in contrast to specific viral 29O-MTases (Decroly et al., 2008; Hodel et al., 1998) . The NS5MTase DV 29O-MTase activity showed steady-state parameters of both substrates and characteristics that are in agreement with other AdoMet-dependent MTases acting on polynucleotide substrates and in particular with viral 29O-MTases. The assay was highly sensitive to inhibition, as shown by the low IC 50 values of the co-product AdoHcy and the AdoMet analogue sinefungin. Interestingly, mutational analysis of NS5MTase WNV within the viral genome has shown that the 29O-MTase activity is important for WNV reproduction (Zhou et al., 2007) . Our 29O-MTase assay will be useful for screening and characterizing potential inhibitors, as already demonstrated by the identification of two flavivirus MTase inhibitors (Luzhkov et al., 2007; Milani et al., 2009 ).
METHODS
Reagents. AdoMet was purchased from New England BioLabs. The tested NS5MTase DV potential inhibitor compounds were from Sigma-Aldrich: AdoHcy, 3-deaza-adenosine, SIBA, sinefungin (adenosyl-ornithine), ribavirin (1-b-D-ribofuranosyl-1,2,4-triazole-3-carboxamide), MTA, 29,39,59-tri-O-acetyl-adenosine and S-59-adenosyl-L-cysteine. Ribavirin triphosphate was purchased from TriLink Biotechnologies and EICAR triphosphate was a kind gift from P. Herdewijn (Leuven, Belgium). The compounds were dissolved in H 2 O or DMSO and stored as 10 mM stock solutions at -20 uC.
Expression and purification of NS5MTase DV . Recombinant NS5MTase DV corresponding to residues 1-296 of NS5 was expressed and purified as described previously (Egloff et al., 2002) .
RNA synthesis, purification and binding assays. Capped and non-capped RNA ( 7Me GpppAC 5 and GpppAC 5 , pppAC 5 ) were synthesized in vitro using bacteriophage T7 DNA primase and purified by HPLC as described by Peyrane et al. (2007) . The 32 Plabelled pppAC n , 7Me GpppAC n and GpppAC n RNAs were synthesized and used in binding assays as described in Egloff et al. (2007) . Briefly, reactions were performed for 2 h at 4 uC in 10 mM Tris/HCl (pH 7.5), 50 mM NaCl in the presence of BSA (500 mg ml 21 ) in a total volume of 200 ml. For each measurement, we used approximately 20 mg (750 pmol) NS5MTase DV bound to Ni beads and 10 pmol 32 P-radiolabelled RNA, so that the protein was present in a large molar excess. After three washes with binding buffer, the RNA bound to the beads was resuspended in 15 ml formamide/EDTA gelloading buffer. Bound RNA was separated by PAGE (14 % acrylamide : bisacrylamide 19 : 1, 7 M urea) using TTE buffer [89 mM Tris/HCl (pH 8.0), 28 mM taurine, 0.5 mM EDTA]. RNA bands were visualized using photostimulated plates (Fluorescent Image Analyser FLA3000; Fuji) and quantified using Image Gauge (Fuji). The percentage binding was calculated by comparing input RNA with RNA retained by the beads.
Methyltransferase assay and HPLC analysis. Unless otherwise stated, reactions were set up in 40 mM Tris/HCl (pH 7.5), 5 mM DTT, 1 mM NS5MTase DV , 2 mM 7Me GpppAC n or GpppAC n and 10 mM AdoMet. The reaction was started either with AdoMet after a pre-incubation of NS5MTase DV with RNA or with a premix of RNA/ AdoMet; no difference in catalytic efficiency was detected. Reaction mixtures were incubated at 30 uC for the given time periods and stopped by freezing in dry ice. HPLC analysis was carried out as described by Peyrane et al. (2007) using a reverse-phase column (Nova-Pak C18; Waters). Peaks were detected by measuring A 260 and product generation in pmol was calculated by integrating the peak areas of substrate and product. The kinetic parameters were calculated by adjusting the data to a Michaelis-Menten equation (see Results and Discussion) using Kaleidagraph.
Radioactive methyltransferase assay and filter binding.
Reaction conditions were as given above except for the use of 0.5 mM NS5MTase DV , 10 mM AdoMet and 0.03 mCi (1.11 kBq) [ 3 H]AdoMet ml 21 (GE Healthcare). Unless stated otherwise, reactions were stopped after 30 min by tenfold dilution with chilled 100 mM AdoHcy. Samples were then transferred to glass-fibre filtermats (DEAE Filtermat; Wallac) by a Filtermat Harvester (Packard Instruments). Filtermats were washed twice with 0.01 M ammonium formate (pH 8.0), twice with water and once with ethanol, and then dried and transferred into sample bags. Betaplate Scint (Wallac) scintillation fluid was added and the methylation of RNA substrates was measured in counts per minute (c.p.m.) using a Wallac 1450 MicroBeta TriLux Liquid Scintillation Counter. For inhibition assays, we set up the reactions as described above using 1 mM NS5MTase DV , 4.6 mM AdoMet (including 0.1 mM [ 3 H]AdoMet, corresponding to 0.01 mCi ml 21 ) and 2 mM GpppAC 5 in the presence of the given inhibitor concentrations. NS5MTase DV was mixed with the inhibitor candidates before addition of a pre-mix of RNA substrate and AdoMet to start the reaction. The incubation time was 5 min. The final concentration of DMSO in reaction mixtures was a maximum of 5 %, which does not alter MTase activity. The IC 50 values were determined using Kaleidagraph data and adjusted to a logistic doseresponse function: % activity5100/(1+ [I]/IC 50 ) b , where b corresponds to the slope factor and [I] is inhibitor concentration (DeLean et al., 1978) .
